PHD finger protein 7 (Phf7) is a male germline specific gene in Drosophila melanogaster that can trigger the male germline sexual fate and regulate spermatogenesis, and its human homologue can rescue fecundity defects in male flies lacking this gene. These findings prompted us to investigate conservation of reproductive strategies through studying the evolutionary origin of this gene. We find that Phf7 is present only in select species including mammals and some insects, whereas the closely related G2/M-phase specific E3 ubiquitin protein ligase (G2e3) is in the genome of most metazoans. Interestingly, phylogenetic analyses showed that vertebrate and insect Phf7 genes did not evolve from a common Phf7 ancestor but rather through independent duplication events from an ancestral G2e3. This is an example of parallel evolution in which a male germline factor evolved at least twice from a pre-existing template to develop new regulatory mechanisms of spermatogenesis.
Background
Independent emergence of common traits in different branches of the evolutionary tree in response to similar selection pressures has been observed for various genes, forms and structures [1] . In some instances, these shared phenotypes were derived repeatedly from common ancestral components. Such cases of parallel evolution are well documented in microorganisms in nature and can also be reproduced in laboratory settings [2] [3] [4] . Nonetheless, adaptation in parallel is not limited to simple organisms, and there are clear examples in vertebrates in which different species used a common ancestral motif to separately acquire very similar new features [5, 6] .
There are many shared properties in the structures and developmental progression of the male germline in different animals. Undifferentiated spermatogonia typically divide several times before initiating differentiation and meiosis as spermatocytes and maturing into sperm. Amid these principal similarities, there are significant variations in the structure and organization of the testis across species, many of which reflect differences in habitats, reproductive capacity and mating strategies. Understanding which features are conserved or specialized can shed light on their functions and significance.
Our previous studies have identified a histone code reader, PHF7, which mediates male germline sex determination in Drosophila melanogaster [7] . The expression of PHF7 is present in the male embryonic germline and continues to be expressed throughout development between the germline stem cell and 8-cell spermatogonia stage. In addition, a homologue of Phf7 was found in humans that can rescue the fecundity defects observed in male fruit flies mutant for Phf7, suggesting that this protein may be conserved in regulating male germline development. At the amino acid sequence level, PHF7 is most closely related to G2E3 (G2/M-phase specific E3 ubiquitin protein ligase) and the two proteins share more than 50% similarities in their three N-terminal zinc fingers, though those in PHF7 are predicted to be PHD domains and in G2E3 RING fingers [8] . PHD domains are best known to bind to modified histone residues, while RING fingers can catalyse E3 conjugation [9, 10] . Indeed, the PHD domains in both fruit fly and human PHF7 can bind H3K4me2, whereas the RING fingers of mouse G2E3 exhibit E3 ligase activity [7, 8] . Incidentally, there has been some controversy as to whether PHD domains may also function as RING fingers to mediate E3 ligation, which adds to the intrigue of the comparisons between PHF7 and G2E3 [11] [12] [13] .
In this study, we take an evolutionary angle to examine whether Phf7 is a conserved regulator of male germline development. We find that Phf7 is present in amniotes and some insects but missing in most of the species in between these two clades on the evolutionary tree. Further, upon examination of sequence similarities, gene structures, expression profiles and functionality, we propose that Phf7 evolved more than once in parallel using G2e3 as the template to generate novel mechanisms in regulating male germline development.
Material and methods (a) Homologue assignment and phylogenetic tree construction
Putative homologues of Phf7 and G2e3 in various species were identified by BLAST searches (blastp or tblastn) in NCBI databases using amino acid sequences from PHF7/G2E3-like proteins of closely related species as the query. Hits were called PHF7/G2E3-like proteins if they exhibit more than 25% identity and 50% coverage to the protein fragment covering the three N-terminal zinc fingers of the query, which represents the main region of homology between PHF7 and G2E3. For the construction of phylogenetic trees, fragments covering the three zinc fingers from various PHF7 and G2E3 proteins were aligned by MUSCLE and the resulting alignment was used to build a phylogenetic tree with MEGA (v. 7.0) using either the Poisson model-based neighbour joining method or the JTT model-based maximum likelihood method with 1000 bootstrap replications [14] . The tree is then reconciled with the species tree built by Taxonomy Browser (NCBI) using Notung-2.9 with 0.7 as the threshold for edge weights, which are calculated based on bootstrap values from the original trees [15] . Weights of edges lower than 0.7 were removed, and those edges were further rearranged to minimize gene loss and duplication events.
(b) RT-PCR
RNA was purified from various tissue samples (EasyPure Total RNA Reagent, Bioman) or obtained as gifts (Rattus norvegicus, Y.C. Yang; Danio rerio, Y.C. Cheng), converted into cDNA using random hexamers and SuperScript III (ThermoScientific) and used for PCR amplification. Human and chicken tissue cDNA panels were purchased (Human MTC Panel II, Clontech; Chicken Tissue cDNA Panel, Zyagen). Adult sea urchins were sexed by observing a small sample of their gonads under a stereo light microscope for the presence of eggs or sperm. Realtime RT-PCR was performed with the SYBR Green Master Mix (ABI) whereas standard RT-PCR was carried out with the 2X Taq Master Mix (Bioman). For RT-qPCR, Phf7 and G2e3 signals were normalized to internal controls (GAPDH for all species except 18S for Strongylocentrotus purpuratus). The primers used are listed in electronic supplementary material, table S1.
(c) Fly strains, plasmid construction and fecundity tests
The following fly strains were used in this study: Oregon-R (Bloomington Stock Center), nos-Gal4, UAS-GFP.nls (Bloomington Stock Center), Phf7 DN2 [7] , UAS-D. melanogaster Phf7 [7] and UAS-human PHF7 [7] . The expression constructs for D. melanogaster Phf7-N, Homo sapiens G2E3, H. sapiens G2E3-N were made by cloning the cDNAs of these genes into pUASpB [7] . The primers used to amplify the respective cDNAs are listed in electronic supplementary material, table S2. The constructs were subsequently used for generating transgenic flies using FC31-mediated targeted integration into the VK00030 strain (WellGenetics) [16] .
Fecundity tests were carried out by crossing single test males 1 -2 days post-eclosion to three Oregon-R virgin female mating partners. The parents were removed on the seventh day of the cross, and the numbers of progeny were recorded on the eleventh day. Statistical significance of fecundity restoration was examined by T-tests with significance levels adjusted from 0.05 for multiple comparisons using the Holm-Bonferroni method.
Results (a) Presence of Phf7 across the evolutionary tree
To investigate the evolutionary history of Phf7, we first performed BLAST (blastp or tblastn) searches to examine which genomes of animal species across the evolutionary tree encode this protein as well as the closely related G2e3 (figure 1, electronic supplementary material, table S3). In a few cases, tblastn only identified one or two coding exons of the putative homologues and we manually searched the genomic contigs further upstream and downstream to find additional exons that likely code for the remainder of the protein. As shown in figure 1, G2e3 is near ubiquitous in the animal kingdom whereas Phf7 is limited to mammals, birds, a few reptiles and some insects. All mammals we inspected have a single Phf7 and a single G2e3 gene. In contrast, in many birds (chicken, zebra finch, turkey, golden eagle) there exist multiple copies of Phf7-like sequence fragments besides a single copy of G2e3. In the latest genome assembly of chicken (Gallus_gallus-5.0), there are at least two Phf7-like genes, one on the 19th and another on the Z chromosome, in addition to many other Phf7-related sequence fragments. We were not able to detect any expression of the Phf7-like gene on the Z chromosome in any of the tissues we have sampled (data not shown), thus subsequent analysis of chicken Phf7 focuses on the 19th-chromosome Phf7. Interestingly, some reptiles have Phf7 in their genome whereas others do not (figure 1). These observations indicate that Phf7 likely evolved in an ancestor common to reptiles and mammals and the gene has been lost in some reptiles but preserved in mammals and birds.
Fruit flies carry Phf7 as well as pie, the presumed G2e3 homologue, which is known to be important for survival of eye disc cells and male germline development [17, 18] ; other insects carry one to three PHF7/G2E3-like proteins, many of which are not clearly designated to be PHF7 or G2E3. This underscores the need to distinguish the two different genes/proteins and is addressed by phylogenetic analyses described in the next section.
It is very intriguing that species as far apart as D. melanogaster and humans would share a common gene while more closely related animals do not. It is possible that Phf7 arose early in evolution but was lost in most species and retained in few.
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Alternatively, Phf7 may have emerged twice, either through convergent evolution from two different starting points or through parallel evolution from the same ancestral gene.
(b) Phf7 and G2e3 are closely related evolutionarily
To elucidate the evolutionary history of Phf7, we examined the phylogenetic relationship between various PHF7 and Figure 1 . Analysis of putative Phf7 and G2e3 homologues in various species. Cladogram indicates the presence of Phf7 and G2e3 ( purple and green, respectively) in different species across the animal kingdom. Except for placental mammals and insects, all species examined for each clade are depicted. The tree is schematic and not drawn to reflect relative evolutionary distances. rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20170324 G2E3 proteins. The regions spanning the three zinc fingers of PHF7 and G2E3 were aligned with MUSCLE for the generation of a phylogenetic tree using both the neighbourjoining and maximum-likelihood methods and performing 1000 bootstrap replications (electronic supplementary material, figure S1a,b). The trees generated by the two methods are similar, but both suffer the problem of having many branches with weak bootstrap support and thus may have some inaccuracies. This could be due to greater sequence divergence in this protein family and the paucity of additional family members in various sections of the evolutionary tree. To obtain a tree that is more likely to approximate the evolutionary events that gave rise to this family of proteins, we used Notung-2.9 [15] to first reconcile the two trees with the current species tree (NCBI) and subsequently rearrange the trees based on parsimony. With both the neighbour-joining and maximum-likelihood methods, this resulted in single optimal trees that are very similar (neighbour-joining, figure 2, maximum-likelihood, electronic supplementary material, figure S2 ). In the rearranged trees, PHF7 proteins in amniotes form a cluster within G2E3 proteins in vertebrates (yellow region within orange cluster, figure 2 ) and there is a likely duplication event in an ancestral amniote that gave rise to PHF7. Similarly, emergence of PHF7-like proteins in Diptera also likely occurred via gene duplication in this clade (green region within blue cluster, figure 2 ). Importantly, the lower and upper bounds of the duplication events that gave rise to amniote and Diptera Phf7 genes do not overlap (electronic supplementary material, table S4), indicating that the two Phf7 genes most likely evolved independently. In comparison, other invertebrates only have G2E3-like proteins. These findings strongly suggest that PHF7 proteins in higher vertebrates and true flies did not evolve through a common ancestral PHF7 protein; rather they emerged separately and both used G2e3-like genes as the starting template.
We further conducted PSI-BLAST analyses of the individual zinc fingers in human and fruit fly PHF7 and G2E3. It is only when the statistical significance threshold is relaxed to 0.01 for the first zinc finger of PHF7 and after four to five iterations that we find other PHD-containing proteins such as PHF6 on the hit list, and this is not observed with any other zinc fingers from PHF7 or G2E3 we have tested. The first zinc finger in human PHF7 shares the same extended PHD finger configuration with those in PHF6 and PHF14 to have four Cys or His residues in addition to the 8 Cys/His residues that make up a typical PHD domain (electronic supplementary material, figure S3c). These are also found in the first zinc fingers of human G2E3 and fruit fly PHF7, whereas the chicken homologues lack some of the extended C/H residues. The similarities between the zinc finger domains of PHF7 and G2E3 again demonstrate their close relationship and further corroborate our model that the two proteins share an evolutionary origin.
(c) Synteny of the Phf7 locus and exon structure conservation
To gain additional insights into the evolutionary history of the Phf7 gene locus, we explored whether the neighbouring genes upstream and downstream of Phf7 are syntenic across different species. We found that in mammals the gene order and orientation are the same for more than 10 genes on both sides of Phf7 in humans (H. sapiens), chimpanzees (Pan troglodytes), rats (Rattus norvegicus) and opossums (Monodelphis domestica) (electronic supplementary material, figure S3a). The few differences observed include some missing genes (e.g. Wdr82 in chimpanzees) and an additional Taeniopygia guttata G2E3 Figure 2 . The evolutionary history of PHF7/G2E3 proteins established after reconciliation and rearrangement of the neighbour-joining tree with the species tree. The numbers at the branch points indicate edge weights, and the red circles indicate duplication events. The orange and blue regions highlight G2E3-like proteins in deuterostomes and protostomes whereas the yellow and green regions highlight PHF7-like proteins in the two groups of species, respectively. rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20170324 breakpoint in rats between Glyctk and Dnah1 such that the genes upstream of Dnah1 syntenic to those near PHF7 in humans are located on a different chromosome. In chickens (Gallus gallus), green anoles (Anolis carolinensis) and medaka (Oryzias latipes), homologues of genes near Phf7 are mostly present but their locations diverge further away from the organization in mammals. In green anoles and medaka, there are no Phf7-like sequences between the homologues of Phf7 flanking genes in mammals, Bap1 and Sema3 g, and the chicken and painted turtle (Chrysemys picta) Phf7 genes are not located near the locus vertebrate Phf7 resides in. These observations suggest that Phf7 emerged in a different genomic location in vertebrates and only moved in between Bap1 and Sema3 g in an ancestral mammal.
Possible synteny for insect Phf7 was also examined but none was found, a finding that was not surprising given the greater divergence between insects and overall lack of gene synteny [19, 20] . As for G2e3, there is clear synteny around its genomic location from fish to humans (data not shown).
Another characteristic often found in genes that evolved from the same ancestral gene are common exon-intron junctions. By aligning homologous portions of PHF7 and G2E3 proteins and mapping the exon boundaries in these regions, it was revealed that exon structures are conserved between PHF7 from different species as well as between PHF7 and G2E3 (electronic supplementary material, figure S3b). For PHF7 and G2E3 in both humans and chickens, the exon structures within the homologous regions were exactly the same. In fruit flies, there is only one exon-intron junction in the homologous sections of PHF7 and PIE, the D. melanogaster G2E3, and this junction in both proteins aligns precisely with their vertebrate homologues (electronic supplementary material, figure S3b). This is again a manifestation of the shared evolutionary origin between PHF7 and G2E3 from different species.
(d) Phf7 expression is highly enriched in the testis
To compare the properties of Phf7 and G2e3, we examined their expression patterns in sexually mature adults of three species that carry both genes (H. sapiens, R. norvegicus and G. gallus) and two others that only have G2e3, D. rerio and an invertebrate the purple sea urchin (S. purpuratus). This was performed by real-time RT-PCR of tissue cDNAs except for chicken Phf7; after extensive troubleshooting we could not find a primer pair for this gene with sufficient specificity and robustness, probably due to the existence of many similar gene fragments.
In humans, rats and chickens, Phf7 gene expression is highly biased towards being in the testis ( figure 3a,c,e) , a pattern very similar to what has been described in D. melanogaster. Interestingly, G2e3 expression is also enriched in the testis in these species, though expression in other tissues, most notably in the ovary, can also be observed, and the degree of expression enrichment in the testis is not as dramatic as for Phf7 ( figure 3b,d,e-g ). In situ hybridization of Phf7 in the adult rat testis indicates that this gene is expressed in the germline (electronic supplementary material, figure S4a-c), also similar to the fruit fly homologue [7] , whereas G2e3 has been previously reported to be expressed in mouse Leydig cells [8] . In zebrafish (Danio rerio) and sea urchins (Strongylocentrotus purpuratus), which lack Phf7, their G2e3 genes are also expressed in multiple tissues with the highest being in the testis ( figure 3f,g ). The similarities in G2e3 expression patterns support their designation as homologues of the same gene. Furthermore, the testis-enrichment of both Phf7 and G2e3 strengthens our model that Phf7 arose from G2e3 as it is not difficult to imagine how a gene like G2e3 that is already highly expressed in the testis would give rise to a new testis-specific gene to regulate other facets of germline development.
(e) Functional comparisons of PHF7 and G2E3
Phf7 is a male germline sex-determining gene in D. melanogaster that is also important for germline stem cell maintenance and spermatogonial development and whose expression needs to be repressed in female germ cells [7, 21] . Our knowledge of how PHF7 functions provides a platform for testing the functions of PHF7 and G2E3 proteins in vivo. Specifically, we carried out two different assays, one of which is to complement the reduction in fecundity of Phf7-mutant male flies and the other to induce female germline loss due to masculinization. Interestingly, human PHF7 as well as the N-terminal fragment of D. melanogaster Phf7 that includes the three zinc fingers could rescue the fecundity defect in Phf7-mutant male flies but cannot induce female germline loss (figure 4, electronic supplementary material, figure S5a-d). These observations indicate that the zinc fingers in PHF7 are important for optimizing spermatogenesis whereas the non-conserved C-terminus in fruit flies is required for the embryonic sex determination of the germline.
In light of our new observation of the similarities between PHF7 and G2E3, we also wanted to investigate how human G2E3 would perform in these two functional assays in D. melanogaster. We found that both full-length human G2E3 and the N-terminal domain fragments that lack the C-terminal HECT domain were able to enhance the fecundity of Phf7-mutant male flies (figure 4), indicating that the zinc fingers in G2E3 are structurally similar enough to those in PHF7 that they can functionally substitute for PHF7. Conversely, neither the full-length nor the N-terminal fragment of human G2E3 could cause female germline loss upon overexpression (electronic supplementary material, figure S5e,f ); this is not surprising given that human PHF7 and the N-terminal D. melanogaster PHF7 also are not sufficient to cause this phenotype (electronic supplementary material, figure S5c,d ). Taken together, these results provide functional evidence to support the phylogenetic similarities between PHF7 and G2E3 and demonstrate once again the close relationship between these two proteins.
Discussion
In this study, we investigate the evolutionary origin of the D. melanogaster germline sex-determining gene Phf7 and conclude that insect Phf7 evolved separately from the vertebrate Phf7 but both used G2e3 as their template. Our work also distinguishes the functions of D. melanogaster PHF7 in spermatogenesis and germline sex determination, with the former likely to be conserved but the latter a unique function acquired in fruit flies.
(a) Evolutionary origins of Phf7 and G2e3
A surprising yet fascinating finding of our analyses was the striking parallels between PHF7 and G2E3, including the testis-biased expression patterns of both in multiple species as well as their sequence and functional similarities. These rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20170324 results are particularly intriguing as past studies have clearly documented differences in the properties of PHF7 and G2E3. G2E3 was originally identified as a factor that helps cells cope with replicative stress [22] . Its expression, while high in the adult testis at the mRNA level, is found in several different cell types and its deletion in mice leads to embryonic lethality [8] . D. melanogaster pie is also expressed in multiple different cell types and has been reported to be an essential gene that also prevents cell death in the eye disc and helps maintain female germline stem cells [17, 18] . In contrast, D. melanogaster mutant for Phf7 are viable and all the phenotypes associated with this gene exhibit a strong sexual bias [7] . Here we also find Phf7 to be specifically expressed in the mammalian germline, which is very similar to the expression pattern of D. melanogaster Phf7. It is possible that the molecular activities of PHF7 and G2E3 are indeed similar, but the two proteins are expressed in different cell types, controlled by different mechanisms, and thereby involved in different biological pathways.
Another unexpected finding of our phylogenetic analyses was the separate clustering of insect and vertebrate PHF7.
This indicates that in spite of the sequence, expression and functional similarities between PHF7 proteins of higher vertebrates and insects, these proteins did not evolve from a common PHF7 ancestor but rather from G2E3s. Our analyses are based on genome information currently available, thus it is possible that the relationship between different PHF7 and G2E3 proteins may change when additional genome data become available. Nevertheless, there are wellassembled genomes of species across the evolutionary tree to provide clear support for our model, which posits that through parallel evolution two very similar proteins (Phf7 in amniotes versus in Diptera) evolved independently from a common starting template (an ancestral G2e3).
(b) Evolution of Phf7 structure and function An important question raised by our analyses here is whether Phf7 has a conserved function in the male germline in the different species that use this gene. When Phf7 was first studied in D. melanogaster, the germline intrinsic male-determining role 
Hs PHF7
Rn Phf7
Rn G2e3
Dr G2e3
Sp G2e3
Hs G2E3 rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20170324 in fruit flies was proposed to be conserved in mammals that have this gene as well. However, several lines of evidence indicate that birds, which also have PHF7, determine their germline sex non-autonomously [23, 24] . Furthermore, it appears that the sex determination function of D. melanogaster PHF7 requires its non-conserved C-terminus, suggesting that establishment of the male germline identity is a feature acquired only in insect PHF7 and is not used in amniotes. In fact, PHF7 proteins in other Drosophila species also have extended C-termini but they are only homologous to that of D. melanogaster PHF7 in species closely related to D. melanogaster and not in other more distantly related ones. In comparison, the ability of PHF7 to promote spermatogenesis may be the common function between flies and higher vertebrates as the domain that is important for this function is present in all PHF7 proteins, and the cell types that express PHF7 are also similar in flies and in mammals. In D. melanogaster, cysts of germline at different developmental stages exhibit a typical spatial distribution along the testis coil, and we recently revealed that the main role of PHF7 in D. melanogaster spermatogenesis is to maintain a proper balance between different stages of germline development (SY Yang, Y-C Chang, YH Wan, C Whitworth, EM Baxter, H Pi, M Van Doren 2017, unpublished data). Interestingly, in birds and mammals there is also a relatively consistent distribution of developing germline with spermatogonia at the base of the seminiferous tubules to maturing spermatids near the lumen [25] . This is in contrast to spermatogenesis in many other species in which the process occurs in bursts or whose various stages are intermixed and exist in fluctuating numbers. We hypothesize that the relatively stable distribution of developing germline results in a near-constant output of sperm, and we propose that PHF7 evolved in amniotes and true flies in parallel to optimize this process. In reptiles, spermatogenesis is often seasonal and does not exhibit the steady and coordinated progression in birds and mammals [26] . This may explain why some reptiles have lost Phf7; perhaps only those that have repurposed the gene still retain it in the genome. These possibilities will be answered with more functional dissections of PHF7 in spermatogenesis in different branches of the evolutionary tree.
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